Objectives-Obesity causes inflammation and insulin resistance in the vasculature as well as in tissues involved in glucose metabolism such as liver, muscle, and adipose tissue. To investigate the relative susceptibility of vascular tissue to these effects, we determined the time course over which inflammation and insulin resistance develops in various tissues of mice with diet-induced obesity (DIO) and compared these tissue-based responses to changes in circulating inflammatory markers. Methods and Results-Adult male C57BL/6 mice were fed either a control low-fat diet (LF; 10% saturated fat) or a high-fat diet (HF, 60% saturated fat) for durations ranging between 1 to 14 weeks. Cellular inflammation and insulin resistance were assessed by measuring phospho-IB␣ and insulin-induced phosphorylation of Akt, respectively, in extracts of thoracic aorta, liver, skeletal muscle, and visceral fat. As expected, HF feeding induced rapid increases of body weight, fat mass, and fasting insulin levels compared to controls, each of which achieved statistical significance within 4 weeks. Whereas plasma markers of inflammation became elevated relatively late in the course of DIO (eg, serum amyloid A [SAA], by Week 14), levels of phospho-IB␣ in aortic lysates were elevated by 2-fold within the first week. The early onset of vascular inflammation was accompanied by biochemical evidence of both endothelial dysfunction (reduced nitric oxide production; induction of intracellular adhesion molecule-1 and vascular cell adhesion molecule-1) and insulin resistance (impaired insulin-induced phosphorylation of Akt and eNOS). Although inflammation and insulin resistance were also detected in skeletal muscle and liver of HF-fed animals, these responses were observed much later (between 4 and 8 weeks of HF feeding), and they were not detected in visceral adipose tissue until 14 weeks. Conclusions-During obesity induced by HF feeding, inflammation and insulin resistance develop in the vasculature well before these responses are detected in muscle, liver, or adipose tissue. This observation suggests that the vasculature is more susceptible than other tissues to the deleterious effects of nutrient overload. (Arterioscler Thromb Vasc Biol. 2008;28:1982-1988 
T he effect of obesity to increase risk of cardiovascular morbidity and mortality is strongly associated with insulin resistance in peripheral tissues such as liver, skeletal muscle, and adipose tissue. Growing evidence suggests that in animal models of both genetic (eg, the Fatty Zucker rat) and acquired (eg, diet-induced obesity or DIO) obesity, the pathogenesis of insulin resistance in these key metabolic tissues involves activation of IKK␤ and subsequently of NF-B, a key transcriptional mediator of cellular inflammation. 1, 2 Similarly, impaired insulin signaling in cultured endothelial cells occurs rapidly after exposure to free fatty acids (FFA) or excess glucose via a mechanism that is dependent on activation of IKK␤, 3, 4 and both cellular inflammation and insulin resistance are also observed in vascular tissue taken from obese Zucker rats (fa/fa) 5 or mice with DIO. 6 These observations suggest that at the cellular level, the vasculature is affected by nutrient overload via mechanisms closely related to those that cause insulin resistance in key tissues involved in glucose homeostasis. Interestingly, the deleterious effect of nutrient excess on endothelial cells appears within the first few hours of exposure, 4 whereas response of other cell types to nutrient excess often takes longer to develop. 7 These observations prompted us to ask whether the susceptibility of vascular tissue to inflammation and insulin resistance is greater than in other tissue types, and thus occurs earlier in the course of DIO.
Although the key early role of reduced nitric oxide (NO) production in the development of vascular disease such as hypertension and atherosclerosis is well described, the temporal relationship between the onset of reduced NO bioavailability and that of peripheral insulin resistance remains an important unanswered question. Clinical studies have demonstrated that consumption of a single high-fat (HF) meal acutely decreases brachial reactivity, 8 a noninvasive measure of NO production, and that consuming a diet high in saturated fats for 3 weeks also causes significant endothelial dysfunction. 9 These observations suggest that even brief exposure to nutrient excess reduces NO bioavailability and that this effect may develop well before the onset of obesity, systemic inflammation, and insulin resistance. In addition to measures of inflammation and insulin resistance, therefore, we also determined the time course over which DIO leads to reduced endothelial nitric oxide (NO) production, establishing its temporal association with onset of vascular inflammation and insulin resistance.
To accomplish these goals, the present study used a mouse model of DIO induced by high-fat feeding to assess the natural history of inflammation and impaired insulin signaling in 4 different insulin-sensitive tissues: vascular tissue (thoracic aorta), liver, adipose tissue, and skeletal muscle. Our finding that vascular tissue is adversely impacted much earlier in the course of DIO than are key insulin-sensitive tissues involved in glucose metabolism implies a heightened susceptibility of vascular elements to the deleterious effects of obesity.
Methods

Materials
Antiphospho-eNOS (Ser1177), phospho-Akt (Ser473), anti-Akt, antiphospho-IB␣ antibodies were obtained from Cell Signaling (Beverly, Mass), anti-eNOS antibody was obtained from Transduction Labs, BD Biosciences, and anti-ICAM antibody (R&D Systems, Minneapolis, MN). Total Akt and pAkt (serine 473) ELISA kits were obtained from Biosource. Sodium DETC was obtained from Alexis Biochemical. FeSO 4 7H2O was purchased from Sigma Fluorokine MAP Multiplex base kit and analyte kits (interleukin (IL)-6, CCL2/JE (MCP-1), IL-␤), (R&D Systems. Vascular cell adhesion molecule (VCAM)-1 and tumor necrosis factor (TNF)-␣ gene expression levels were measured using TaqMan Gene expression Assays (Applied Biosystems).
Study Protocol
Adult male C57BL/6 mice were purchased from Jackson Laboratories and were maintained in a temperature-controlled facility with a 12-hour light-dark cycle. Age-matched groups (6 to 12 weeks of age; nϭ10 per group) were fed an equicaloric diet that was either low (10% saturated fat) or high in fat content (60% saturated fat) (Research Diets, numbers D12492, D12450B) for periods ranging from 1 to 14 weeks. Body weight and food intake were measured weekly, and body composition was measured in unanesthetized animals serially at baseline, 4 weeks, and 8 weeks by MRS (Echo Medical Systems) in the University of Washington Clinical Nutrition Research Unit Animal Studies Core Laboratory. 10 At the conclusion of the study, one-half of the animals in each study group received an IP injection of either vehicle (normal saline) or regular insulin (0.06 U/g body weight in 300 L of normal saline) after an overnight fast. Fifteen minutes later, mice were euthanized with an overdose of CO 2 followed by cervical dislocation. Thoracic aorta, liver, skeletal muscle (quadriceps), and adipose tissue (mesenteric) were removed and snap frozen on dry ice after dissecting away surrounding connective tissue. Protein was subsequently extracted from tissue samples and, after protein levels were quantified (Micro BCA Protein Assay Kit; Pierce, Rockford Il), equal amounts of protein were used for each condition in each assay. Total Akt and phospho-Akt (serine 473) levels were determined using ELISA assay kits (Biosource). Total eNOS, peNOS, phsopho-IB␣, and ICAM levels were assessed using Western blot analysis using gradient 4ϫ20% Tris-Glycine gels (Lonza) and Fermentas PageRuler Prestained Protein Ladder was used to determine the protein band of interest which was then quantified using Image J software (NIH). All study protocols were approved by the University of Washington Institutional Animal Care and Use Committee.
Nitric Oxide Measurement
Nitric oxide was measured using the spin trap Fe(DETC) 2 which was first reported and validated by Kleschyov et al. 11 Preparation of colloid Fe(DETC) 2 : Sodium DETC (3.6 mg) and FeSO 4 7H20 (2.25 mg) were dissolved under argon gas in 10 mL of ice cold Krebs-Hepes buffer 12 (consisting of, in mM: NaCl 99, KCl 4.7, MgSO 4 1.2, KH 2 PO 4 1.0, CaCl 2 1.9, NaHCO 3 25, glucose 11.1, and Na-Hepes 20, pH7.4) These were rapidly mixed to obtain a pale yellow-brown colored Fe(DETC) 2 solution which was used immediately. Thoracic aortas were cleaned of adhering fat and soft tissue and kept in ice-cold Krebs solution, aortic samples were sectioned and separated into 6-well plates each containing 100 L of Krebs-hepes buffer. Colloid Fe(DETC) 2 was then added to final concentration of 286 mol/L and incubated at 37°C for 90 minutes.
Electron spin resonance spectroscopy (ESR) studies were performed on a table-top x-band spectrometer Miniscope (Magnettech, Germany). Recordings were made at 77 K using a Dewar flask. Instrument settings were 10 mW of microwave power, 1 mT of amplitude modulation, 100 kHz of modulation frequency, 20 s of sweep time, and 10 number of scans.
Plasma Cholesterol, Insulin, and Cytokine Measurements
Blood samples were placed on ice until separation of plasma by centrifugation. Total plasma cholesterol and triglyceride levels were determined in the fasted condition using the DCL Total Cholesterol Assay Kit and Roche Diagnostics Triglyceride Assay. Insulin levels were determined using an ELISA kit (Crystal Chem Inc), and glucose levels were determined by glucometer (FreeStyle, Thera-Sense). Serum cytokines were measured using a bead-based cytometric immunoassay system (Luminex). Serum SAA levels were measured as previously described. 13 
Statistical Analysis
In all experiments, densitometry measurements were normalized to controls incubated with vehicle, and percent change relative to the control condition was calculated. Analysis of the results was performed using the STATA8 statistical package. Data are expressed as meanϮSEM, and values of PϽ0.05 were considered statistically significant. A 2-tailed t test was used to compare mean values from studies involving 2 experimental groups. To compare responses after treatment with vehicle or insulin across the two diets, data were analyzed by 2-way analysis of variance using the Bonferoni-posthoc comparison test.
Results
Effect of High-Fat Feeding on Body Weight, Fat Content, Metabolic Parameters, and Systemic Markers of Inflammation
As expected, body weight increased steadily over the 14- week study period among mice fed a HF diet compared to low-fat (LF)-fed controls, and this effect became statistically significant after 4 weeks of high-fat feeding (supplemental Figure IA , available online at http://atvb.ahajournals.org). Similarly, differences between LF and HF groups with respect to both percent body fat (supplemental Figure IB) and total fat mass (baseline: 2.8Ϯ0.3 g versus 2.5Ϯ0.5 g [PϭNS]; 4 weeks: 3.2Ϯ1.2 g versus 9.2Ϯ2.5 g [PϽ0.05]; 8 weeks: 6.5Ϯ2.5 g versus 12.1Ϯ1.9 g [PϽ0.05]) became significant by 4 weeks.
Whereas fasting insulin levels remained relatively constant over the 14 weeks study in LF-fed mice, fasting insulin levels in HF-fed mice were increased by almost 4-fold by the 4-week time point, consistent with the development of insulin resistance, and remained significantly elevated for the remainder of the study (supplemental Figure IC) . Fasting plasma trigylceride and cholesterol levels were also significantly elevated after 8 and 14 weeks on the HF diet, respectively (supplementary Table 1 ). Other than an unexpected drop in the LF group at the 14-week time point, fasting plasma glucose levels remained relatively stable and comparable between HF and LF groups over the course of the study (supplemental Figure ID) .
Chronic systemic inflammation is a cardinal feature of obesity and is implicated in the pathogenesis of insulin resistance. Evidence of inflammation in this setting can be found both in tissues (eg, activation of the intracellular IKK␤-NFB pathway) and in the form of circulating markers such as cytokines and Serum amyloid A (SAA). 14 As a first step to clarify the time course over which these different humoral responses occur, we obtained serum samples serially over 14 weeks from both LF-and HF-fed mice for measurement IL-6, IL-1␤, MCP-1, and SAA. Serum IL-1␤ levels remained below detectable limits in both groups at all time points, and neither MCP-1 nor IL-6 levels were significantly elevated by HF feeding during the study (supplemental Table  II ). As a positive control, we demonstrated that mice receiving an acute inflammatory stimulus (injection of lipopolysaccharide [LPS] at a dose of 50 ng/g IP) showed appropriate elevation of each of these markers. Similarly, SAA levels were not elevated in HF-compared to LF-fed mice until Week 14 (10.6Ϯ2.2 versus 2.3Ϯ0.7 g/mL; PϽ0.05). Together, these findings suggest that circulating markers of inflammation do not increase until late in the course of DIO.
Time Course of the Effect of High-Fat Feeding on Vascular Inflammation and NO Production
We next determined the time course over which DIO induces inflammation in vascular tissue and whether this effect is associated with reduced NO content, a measure of endothelial function. Within 1 week of the onset of HF feeding, induction of phospho-IB␣ (a marker of IKK␤ activation) was readily detected by Western blot analysis of lysates of thoracic aorta, and this effect persisted throughout the remaining 14 week study ( Figure 1A) . Expression of adhesion molecules increases in early atherosclerosis and diabetes, 15, 16 and these responses constitute additional markers of vascular inflammation and abnormal endothelial function. Expression levels of VCAM-1 mRNA were significantly increased after 4 weeks of HF-feeding ( Figure 1B) , and protein levels of intracellular adhesion molecule-1 (ICAM-1) were increased after 2 weeks of HF-feeding ( Figure 1C ). Thus, vascular inflammation and endothelial dysfunction are early manifestations of DIO and occur well before any increase of circulating inflammatory markers.
To further assess endothelial function in these thoracic aortic tissue extracts, basal NO levels were measured by ESR. 12 Compared to LF-fed controls, aortic NO levels showed a nonsignificant decrease by week 2 in mice fed the HF diet. This effect of HF feeding achieved statistical significance by 4 weeks and persisted over the remainder of the study ( Figure 1D ).
Time Course of the Effect of High-Fat Feeding on Vascular Insulin Signaling
In human and bovine aortic cell culture models, we have previously shown that activation of IKK␤ is both necessary and sufficient to explain the impairment of vascular insulin signaling and NO production induced by the saturated FFA, palmitate. 4 Having demonstrated that IKK␤ is activated in aortic samples early in the course of DIO, we next sought to determine whether this effect is associated with impaired vascular insulin signaling, as assessed by phosphorylation of Akt and eNOS (markers of insulin signal transduction via the IRS-PI3K pathway in vascular tissue) in thoracic aortic lysates 15 minutes after injection of insulin (0.06 U/g body weight IP) or saline vehicle. Within just 1 week of HF feeding, the insulin-induced increase of both pAKT and peNOS levels in aortic extracts was significantly attenuated (Figure 2A and 2B) compared to LF-fed control mice. The early onset of insulin resistance in aortic tissue is therefore linked temporally to the onset of inflammation in this tissue. In addition, the impairment of insulin-induced eNOS activation precedes the decrease of basal (unstimulated) NO content that became significant after 4 weeks of HF feeding ( Figure 1D ).
Effect of High Fat-Feeding on Activation of IKK␤ in Skeletal Muscle, Liver, and Fat
To determine the time course over which DIO is associated with activation of IKK␤ in liver, muscle, and adipose tissue, lysates of these tissues were analyzed for phospho-Ib␣ levels by Western blot analysis. In lysates of both skeletal muscle and liver, phospho-Ib␣ became significantly elevated by 8 weeks of HF feeding ( Figure 3A and 3B) , but not before. TNF-␣ mRNA levels became significantly elevated by 8 weeks of HF feeding in both skeletal muscle (LF: 1Ϯ0.06 versus HF: 2.3Ϯ0.32, PϽ0.05) and liver (LF: 1Ϯ0.12 versus HF: 1.8Ϯ0.3 PϽ0.05). At the 4-week time point, however, this effect did not achieve statistical significance in either muscle (LF: 1Ϯ0.2 versus HF: 0.8Ϯ0.2 PϭNS) or liver (LF: 1Ϯ0.12 versus HF: 1.2Ϯ0.31, PϭNS). In adipose tissue, the delay in onset of IKK␤ activation was even greater and did not achieve statistical significance until 14 weeks of high-fat feeding ( Figure 3C) . Similarly, relative TNF-␣ mRNA levels did not become significantly elevated in adipose tissue until wk 14 (LF: 1Ϯ0.3 versus HF: 3.25Ϯ1, PϽ0.05).
Effect of High-Fat Feeding on Liver, Skeletal Muscle, and Adipose Tissue Insulin Signaling
To ascertain whether cellular insulin resistance in liver, muscle, and visceral adipose tissue occurs before, after, or concurrent with the onset of vascular insulin resistance, we measured pAkt content in extracts of these tissues obtained 15 minutes after IP injection of insulin or vehicle. In skeletal muscle, insulin-mediated Akt phosphorylation tended to be decreased by 4 weeks of HF feeding, although this effect did not achieve statistical significance until after 8 weeks, and a similar pattern was observed with liver tissue (Figure 4A and  4B) . Like the onset of inflammation, cellular insulin resistance was not detected in adipose tissue until after 14 weeks of HF feeding ( Figure 4C ). Over the course of DIO, therefore, both inflammation and insulin resistance develop in key tissues for glucose homeostasis well after they become evident in the vasculature.
Discussion
To better understand the relationship between obesity and increased risk for cardiovascular disease, we compared the time course over which insulin resistance and inflammation develop in arterial tissue, liver, skeletal muscle, and adipose tissue in a mouse model of DIO. We found that during the first week of HF feeding, insulin resistance and inflammation were clearly evident in aortic tissue, but these responses took far longer to develop in each of the other tissues. Similarly, reduced NO production, a marker of endothelial dysfunction, also occurred relatively early in the course of DIO, and was detected shortly after the onset of vascular insulin resistance. These vascular responses are unlikely to be secondary to circulating inflammatory mediators, as elevated serum levels of SAA and cytokines occurred either weeks later or not at all. Together, these findings suggest that compared to muscle, liver, and adipose tissue, vascular elements have an increased susceptibility to the deleterious effects of DIO (supplemental Figure II) .
Our findings extend those of Park et al, who examined the temporal pattern of changes of insulin sensitivity of both cardiac muscle and tissues involved in glucose metabolism in C57BL/6 mice fed a HF diet (55% from saturated fat). 17 They reported that hyperinsulinemia and impaired insulinstimulated glucose metabolism in liver, muscle, and adipose tissue occurred after Ն3 weeks of HF feeding, consistent with the time interval over which fasting plasma insulin levels increased in our study. It is noteworthy that Park et al used the glucose clamp technique to measure insulin-stimulated glucose fluxes, whereas our work focused on biochemical assessment of intracellular insulin signal transduction via the IRS-PI3K pathway. A comparison of the 2 data sets suggests that insulin resistance measured in terms of in vivo tissue glucose handling (evident within 3 weeks) slightly precedes the onset of impaired insulin activation of PI3-kinase in insulin target tissues such as skeletal muscle and liver, which in our study became evident between 4 to 8 weeks of HF feeding. A key point, however, is that changes of glucose metabolism in muscle, liver, and adipose tissue induced by HF-feeding occur after vascular inflammation and insulin resistance are well established. This conclusion is also supported by Park et al's finding that reduced insulin-stimulated glucose metabolism in heart muscle was evident before detectable changes in systemic glucose handling had occurred (within 1.5 weeks of high fat feeding). 17 These observations lend further support to the hypothesis that vascular tissue is particularly sensitive to the deleterious effects of DIO.
Endothelial-derived NO plays a key role in maintaining normal endothelial function, which includes inhibition of thrombosis and vascular inflammation and maintaining blood pressure and vessel patency. NO also inhibits abnormal growth and inflammation, exerts antiaggregatory effects on platelets, and promotes vasodilation. 18 An important functional consequence of decreased endothelial derived NO is a change in endothelial function favoring inflammation, increased abnormal growth, thrombosis, and vasoconstriction. 19, 20 Our finding that reduced NO occurs early in the course of DIO raises the possibility that the early onset of vascular dysfunction in this setting could play a key role in the subsequent development of hypertension and atherosclerosis.
The relevance of diet-induced obesity in C57BL6 mice to human obesity warrants comment. Although many mouse models of obesity have been described, common forms of obesity in humans arise from interactions between complex genetic variables and environmental factors, including diet composition and physical activity. Thus, mouse models in which obesity arises from a single gene mutation, including leptin-deficient mice (ob/ob), leptin-receptor mutant mice (db/db), and mice with impaired melanocortin receptor function (agouti), are of limited value as models of common human obesity. By comparison, C57BL6 mice maintain normal weight on chow but are genetically predisposed to weight gain on a HF diet, thus resembling human obesity more closely than other mouse models. High fat feeding in C57BL6 mice is also well established as a model of the insulin resistance and glucose intolerance that occurs in human obesity. 21 The previously documented association between vascular insulin resistance and impaired NO production provides a feasible mechanism linking obesity to decreased NO bio-availability. 22, 23 Specifically, the generation of NO by endothelial eNOS depends in part on activity of the enzyme, PI3K, which becomes resistant to activation in states of insulin resistance. 24, 25 These considerations inform the "commonsoil hypothesis," which postulates that vascular disease and diabetes have common antecedents, 26, 27 and that both have roots in the insulin resistance that develops in states of nutrient overload. Our present results suggest that NO deficiency is an early manifestation of nutrient excess reflecting the heightened susceptibility of endothelium to metabolic stress. The observation that reduced NO bioavailability is an early marker of and risk factor for the development of vascular disease 18 provides additional evidence that this consequence of obesity may be one component of the "common soil" from which vascular disease and insulin resistance develop.
In cell culture models, sensitivity to nutrient excess can vary dramatically between cell types based on differences in metabolic pathways and machinery. At one end of the spectrum, endothelial cells exhibit wide-ranging, deleterious consequences after even brief exposure to excess glucose or FFA, whereas a much greater, more sustained exposure to nutrient excess is necessary to cause toxicity in cell types including pancreatic beta cells and adipocytes. 28, 29 Although detrimental from the perspective of the whole animal, at the cellular level activation of inflammatory pathways and resultant insulin resistance may serve a protective role by limiting further nutrient uptake. Based on this reasoning, it seems plausible that tissues that evolved to store excess energy (eg, adipose tissue) or to respond to variation in the level of circulating fuels (eg, hepatocytes and pancreatic beta cells) would manifest inflammation and insulin resistance well after such responses have occurred in cells that do not actively participate in glucose homeostasis or energy storage, such as are found in vascular tissue. An additional hypothesis supported by our findings is that only after adipose tissue has become insulin-resistant, hence limiting whole body storage of excess fuels, does sustained nutritional excess lead to elevation of circulating markers of systemic inflammation such as SAA and various cytokines.
Many different mechanisms can trigger cellular inflammation in response to nutrient excess, and the nature of these cellular responses can vary between tissues. The differential sensitivity of endothelial cells, hepatocytes, myocytes, and adipocytes to excess nutrients, therefore, likely involves multiple pathways and mechanisms. Furthermore, not all tissues have the same response to inflammatory injury, nor are they equally susceptible to this stress. Thus, the relatively early onset of IKK␤-NF-B signaling in vascular tissue compared to muscle, liver, and fat could reflect differences in the cellular regulation of this enzyme system by accumulation of reactive oxygen species (ROS), long-chain fatty acyl co-A molecules, TLR4 activation, by endoplasmic reticulum stress 30 or by mitochondrial dysfunction. 31, 32 Each of these mechanisms has been forwarded to explain cellular inflammation and insulin resistance during nutrient excess, and additional studies are warranted to determine which of these mechanisms best explains observed temporal differences in the onset of these responses across tissues. In summary, we report that in a mouse model of DIO induced by HF feeding, vascular inflammation and insulin resistance, along with decreased endothelial NO production, precede the onset of insulin resistance in muscle, liver, and fat, key tissues involved in glucose metabolism. This observation implies a heightened susceptibility of the vasculature to the detrimental effects of nutrient excess relative to tissues involved in glucose homeostasis and fuel storage.
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